Free polysomes, polysomes released from membranes, and rough microsomal vesicles isolated from developing cotyledons of Pisum sativum L. cv. Burpeeana were used to direct cell-free protein synthesis in a wheat germ system. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis demonstrated that the polypeptide products had molecular weights ranging from 12,000 to 74,000. Some of the polypeptides migrated during electrophoresis with the same mobility as polypeptides present in legumin and vicilin preparations. By the use of rabbit antibodies raised against pea reserve proteins it was established that polysomes released from membranes and rough microsomes directed the synthesis of polypeptides that were related to reserve proteins whereas free polysomes did not.
Reserve proteins synthesized by legume seeds are deposited in protein bodies in developing cotyledon cells. Ultrastructural studies of developing legume seeds reveal that these protein bodies are formed by deposition of protein within cellular membranes of vacuolar origin (12) . Cell fractionation studies have confirmed that reserve proteins are localized in protein bodies (6, 31) . Unlike the protein bodies of cereal endosperm (10, 20, 21) , protein body membranes of legume cotyledons are not continuous with the RER and no ribosomes appear to be associated with them (12, 31) . Proteins accumulating in the protein body of legume seeds therefore must be synthesized elsewhere in the cell. Although there were originally inconclusive and conflicting results, recent investigations demonstrating preferential synthesis of reserve proteins in cell-free systems driven by polysomes released from membranes have provided evidence that the RER is the cellular site of synthesis of these proteins (7, 18, 27) .
In this study, we have examined the synthetic capabilities of free polysomes, polysomes released from membranes, and rough microsomes to establish the role of the RER in the synthesis of pea reserve proteins. The results demonstrate that polysomes released from membranes and polysomes associated with rough microsomal vesicles direct the in vitro synthesis of polypeptides related to reserve proteins whereas free polysomes do not. In addition, we found that some of the polypeptides, synthesized under the direction of rough microsomes, accumulated within ' Supported by National Science Foundation grant PCM 7728273. these vesicles during in vitro synthesis. The reserve proteins of pea cotyledons therefore are synthesized by membrane-bound polysomes and become sequestered into the lumen of the RER prior to compartmentalization into protein bodies.
MATERIALS AND METHODS Plant Material. Pea seeds (Pisum sativum L. cv. Burpeeana) were grown as described by Basha and Beevers (2) . Cotyledons were collected 21 to 24 d postanthesis.
Polysome Isolation. Developing pea seeds, after removal of testae and embryonic axes, were frozen in liquid N2 and stored at -80°C. Polysomes were isolated from stored, frozen cotyledons by the procedure of Larkins and Hurkman (21) . Recovered polysomes were suspended in water (approx 200 A260 units/ml) and stored in liquid N2. Free polysomes and polysomes released from membranes had A260/A280 ratios of 1.6 to 1.8.
Preparation of Microsomal Vesicles. A 13,000 to 40,000g pellet derived from cell-free homogenates was prepared as described by Nagahashi and Beevers (24) . Cotyledons were homogenized with the mechanical razor chopping device described by Beevers and Mense (6) (5 g cotyledons/7 ml of grind mix: 0.5 M sucrose, 5 mm 2-mercaptoethanol, 5 mM MgCl2, 30 mm Tris-Mes [pH 7.5]). Immediately after chopping, grind mix was added to a final volume of 25 ml. The brei was filtered through four layers of cheesecloth and centrifuged (250g, 5 min, 0WC). The pellet was discarded and the supernatant was centrifuged (13,000g, 15 min, 0°C). The resultant supernatant was centrifuged (40,000g, 35 min, 0°C) and the pellet was suspended in buffer (10 mm Hepes-KOH [pH 7.4], 20 mm K acetate, 1 mm Mg acetate; approx. 90 A280 units/ml).
In Vitro Protein Synthesis. A wheat germ cell-free system was prepared and reactions were incubated for 30 min at 30°C as described by Larkins and Hurkman (21) . Optimum conditions for protein synthesis required 2.5 mm Mg acetate, 100 mm K acetate, I A260 unit of polysomes or 1.5 Am0 units of rough microsomes.
Centrifugation Analyses of In Vitro Reactions. Following incubation, a 2-ml reaction mixture was cooled on ice and divided into four aliquots. To the first, no addition was made, to the second, 0.2 M KCI was added, to the third 100 ,tg/ml each of chymotrypsin and trypsin was added, and to the fourth, chymotrypsin/trypsin plus 0.5% (w/v) Na-DOC.2 Samples one and two were incubated on ice for 30 min and samples three and four were incubated for 30 (18) have previously shown that HCHO labeling of pea reserve proteins does not affect their mobility in SDS-polyacrylamide gels.
Immunological Techniques. Antisera against reserve proteins were raised in rabbits by standard protocols. Antisera were collected and an equal volume of cold saturated (NH4)2SO4 was added; the solution was stirred for 30 min at 4°C and then centrifuged (19,000g, 15 min, 0C). The pellet was dissolved in 3 ml of 0.15 M NaCl and dialyzed against 0.15 M K2HPO4-KOH (pH 8.0) for 18 h at 4°C. The dialysate was applied to a DEAESephacel column (1.1 cm diameter, 24 cm long) equilibrated with 300 ml 0.015 M K2HPO4-KOH (pH 8.0). The column was eluted with a 300 ml gradient of 0.0 15-0.3 M K2HPO4-KOH (pH 8.0). The immunoglobulin G (IgG) fractions were collected and concentrated to approx. 20 mg/ml by dialysis against polyethylene glycol (20,000 mol wt). The IgG was then dialyzed 18 h at 4°C against 0.05 M2HPO4-KOH (pH 8.0) in 0.14 M NaCl and stored at -100C.
Precipitation of IgG-polypeptide complexes was done with protein A on Staphylococcus aureus cells (IgGsorb: Enzyme Center, Boston, MA) by the method of Bollini and Chrispeels (7).
Gel Electrophoresis and Fluorography. Protein samples were analyzed on SDS-polyacrylamide gels as described by Hurkman and Beevers (19) . The apparent mol wt of polypeptides of legumin and vicilin were previously determined by reference to mobilities of markers (19) . Labeled translation products were detected by fluorography on Kodak X-Omat R film by the method of Laskey and Mills (22) .
RESULTS
Free polysomes, polysomes released from membranes, and rough microsomes were used to drive polypeptide synthesis in a wheat germ cell-free system. The rough microsomes were sedimented as a 13,000 to 40,000g fraction of a cell-free homogenate. Previous studies (24, 25) 2 and 3) or of the post 160,000g supernatant of a reaction mixture (lanes 5 and 6) were reacted with antilegumin (AL) or anti-vicilin (AV) antibodies. MW, apparent mol wt x 10-:3.
vealed that the IgG fractions of antisera raised against legumin and vicilin each contained antibodies that precipitated the entire range of legumin and vicilin polypeptides (data not shown). This cross reactivity of anti-legumin and anti-vicilin antibodies with legumin and vicilin preparations was due to the difficulty of completely separating these globulins from each other (19) .
Polypeptides synthesized in an in vitro system driven by free polysomes were not immunoprecipitated by anti-legumin or antivicilin antibodies (Fig. 1) , whereas principle polypeptides of Mr (Fig. 2) . With the exception of the polypeptides Mr = 74,000 and 35,000, none of the translation products exactly corresponded in mol wt to native legumin or vicilin polypeptides. A polypeptide of approx. 60,000 mol wt was immunoprecipitated from in vitro systems driven by polysomes released from membranes ( Fig. 1) or polysomes associated with microsomal vesicles (Fig. 2) . This polypeptide may be the precursor for legumin that has been previously described (13, 30) . The failure to immunoprecipitate legumin and vicilin polypeptides from in vitro translation products that exactly correspond to polypeptides found in vivo has been reported in other studies (13, 14, (16) (17) (18) . Sequestration of Proteins Synthesized In Vitro. Since proteins synthesized by membrane-bound polysomes are often cotranslationally sequestered within the RER (5), analyses were performed to determine if the reserve proteins of pea cotyledons were similarly sequestered during in vitro synthesis.
Kinetics of Protease Hydrolysis. Translation products synthesized under the direction of rough microsomes were analyzed for their resistance to proteases added following completion of in vitro synthesis. The level of acid insoluble radioactivity was mnonitored as a function of time following the addition of chymotrypsin/ trypsin with or without DOC (Fig. 3) . After 30 min, the majority (78%) of the acid-insoluble radioactivity incorporated by microsomes was resistant to proteolysis by the added proteases. Incubation for 60 min resulted in no additional loss of radioactivity. When DOC was added with the proteases, 65% of the incorporated radioactivity was released within 30 min. This level did not change during incubation for 60 min.
Centrifugation Studies. Centrifugation of in vitro reactions driven by rough microsomes following in vitro synthesis provided evidence for the sequestration of polypeptide products within these membrane vesicles (Table I ). The majority of the acid-insoluble radioactivity (>80%o) was sedimented with the microsomes by centrifugation. Treatment of the reaction system with KC1 prior to centrifugation had no effect on the distribution of radioactivity between the pellet and supernatant fractions; this result indicated that the radioactivity was not associated with extrinsic membrane components. Treatment of the pellet and supernatant fractions with proteases added with or without detergent showed that the radioactivity associated with the pellet was only partially susceptible to hydrolysis unless detergent was present. This partial susceptibility to proteolysis may be the result of nonspecific association of polypeptides with the microsomal vesicles and/or due to instability of microsomal vesicles in the presence of chymotrypsin and trypsin (29) .
Characterization of Products by Fluorography. In vitro products synthesized under the direction of polysomes released from membranes or rough microsomes were treated with proteases in the absence or presence of detergent and the hydrolysates were analyzed by fluorography of SDS-polyacrylamide gels. Polypeptides synthesized under the direction of polysomes released from membranes were susceptible to proteases added with or without detergent whereas polypeptides synthesized in a system driven by rough microsomes were resistant to added proteases unless detergent was present (Fig. 4) . The polypeptides resistant to degradation by added proteases had mol wts similar to polypeptides immunoprecipitated from in vitro reactions driven by rough microsomes (compare Figs. 2 and 4) . The radioactivity remaining after treatment of in vitro reactions with added proteases was associated with low mol wt components and thus explains the apparent incomplete proteolysis observed in the kinetic analyses shown in Figure 3 .
Inasmuch as polypeptides synthesized under the direction of rough microsomes were bound by antibodies raised against reserve proteins and the centrifugation and proteolysis studies following in vitro synthesis indicated that products were sequestered, an in vitro system driven by rough microsomes was centrifuged and the supernatant was reacted with antibodies. Fluorographic analysis F indicated that no polypeptides were bound by the antibodies (Fig.  : 2) . This result provided further evidence that polypeptides pro- (27) demonstrated that in beans, Phaseolus vulgaris and Viciafaba, respectively, the cotyledon reserve proteins are also synthesized by membrane-bound polysomes. These studies on the synthetic capacity of membrane-bound polysomes confirm earlier speculations based on indirect evidence-the proliferation of the RER (8, 9, 12, 26) and an increase in membrane-bound polysomes (9) with the onset of reserve protein synthesis-that membrane-bound polysomes were the cellular site of synthesis of reserve proteins. In addition, Bailey et al.
(1) demonstrated by electron microscopic autoradiography that radioactivity from tritiated leucine was initially associated with the RER and later became associated with protein bodies. Although the proteins that contained radioactivity were not directly identified, these data were consistent with the interpretation that reserve proteins synthesized on the RER were transported to and accumulated within protein bodies.
Earlier studies (1, 7, 12, 27) failed to establish the immediate fate of the polypeptides following their synthesis by membranebound polysomes. However, Baumgartner et al. (3) , using inmmunological techniques, demonstrated the localization of reserve proteins in the ER of developing bean cotyledons, thus suggesting that the products synthesized by bound ribosomes are deposited within the RER. The present investigation demonstrates that polypeptides related to reserve proteins are synthesized by rough microsomes and are specifically associated with these vesicles. The newly synthesized polypeptides are sedimentable by centrifugation, are not released by salt treatment, and are resistant to degradation by added proteases unless detergent is also present. On the basis of this evidence we conclude that, following synthesis by membrane-bound polysomes, the reserve polypeptides of the pea cotyledons become sequestered into the cisternae of the RER vesicles.
The synthesis of reserve proteins by membrane-bound polysomes and the sequestration of reserve polypeptides within RER vesicles is analogous to the process reported for the formation of protein bodies in cereal endosperm (I 1, 20, 21) . However, rather than engorging the RER to form protein bodies as occurs in the cereal endosperm (21) , it appears that in pea cotyledons the reserve polypeptides sequestered in the RER must be transported to and deposited into the vacuoles that later become the protein bodies (12) . Currently, we have no information on the pathway of this intracellular transport from the cisternal space of the RER to the vacuolar precursor of the protein body.
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